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Linker histone H1 binds with high afﬁnity to naked and nucleosomal DNA in vitro but is rapidly
exchanged between chromatin sites in vivo suggesting the involvement of one or more linker his-
tone chaperones. Using permeabilized cells, we demonstrate that the small acidic protein prothym-
osin a (ProTa) can facilitate H1 displacement from and deposition onto the native chromatin
template. Depletion of ProTa levels in vivo by siRNA-mediated mRNA degradation resulted in a
decreased rate of exchange of linker histones as assayed by photobleaching techniques. These
results indicate that ProTa is a component of a linker histone chaperone.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction H1 from chromatin reconstituted in vitro. Mammalian cells trans-The linker or H1 histones stabilize metazoan chromatin by
binding to DNA as it enters and exits the nucleosome and through
interactions with the inter-nucleosomal linker DNA [1,2]. In vitro
evidence indicates that H1 binds tightly to both naked and nucleo-
somal DNA primarily through electrostatic interactions [3,4]. How-
ever, in vivo photobleaching studies demonstrate that linker
histones remain bound to nucleosomal sites for only about a min-
ute before translocation to a new binding site [5,6]. These observa-
tions suggest the existence of one or more linker histone
chaperones that mediate exchange in vivo.
Core histone chaperones have been identiﬁed with deﬁned roles
in nucleosome assembly, histone removal, histone shuttling, and
histone sequestration [7,8]. Thus, it is conceivable that a linker his-
tone chaperone is at least partially responsible for the dynamic
behaviour in vivo although none have been unequivocally identi-
ﬁed. One attractive candidate for a linker histone chaperone com-
ponent is the small acidic molecule prothymosin a (ProTa). A
complex containing ProTa and H1 was immunoisolated from ex-
tracts of cultured mouse cells and ligand binding assays revealed
direct interaction between these proteins [9]. In this study it was
also shown that ProTa could promote the release of a fraction ofchemical Societies. Published by E
scence recovery after photo-
Biochemistry, University of
MS 39216, United States. Fax:
.T. Brown).fected with a ProTa expression construct are more susceptible to
digestion of chromatin by micrococcal nuclease, a hallmark of
chromatin decondensation [10,11]. Metaphase chromosomes incu-
bated in vitro with recombinant ProTa displayed a time dependent
unravelling of the chromosomes [12]. Based on these and other
observations, it has been proposed that ProTa is a chromatin-
remodelling protein in mammalian cells [9,11].
Here we have exploited mouse ﬁbroblasts that stably express
low levels of an H1 protein fused to the enhanced green ﬂuorescent
protein (H1-GFP). Stringent biochemical and molecular assays
demonstrate that these fusion proteins bind to chromatin with
properties indistinguishable from that of the endogenous linker
histones [13]. This system allowed us to examine the effect of Pro-
Ta on H1 binding to native chromatin templates.
2. Materials and methods
2.1. Puriﬁcation of bacterially expressed His-tagged ProTa and H1cGFP
Plasmids containing the mouse ProTa gene were obtained from
the American Type Culture Collection. Reconstructed DNA frag-
ments containing the intact coding region and the coding region
containing a deletion of residues 3-13 (ProTa(D3-13)) were in-
serted into pET28a (Novagen) to generate His-tagged fusions. The
coding region of the H1cGFP fusion protein [5] was also inserted
into pET28a (Novagen) to generate a C-terminal His-tagged fusion.
All constructs were veriﬁed by sequencing and transfected into
Escherichia coli Rosetta pLysS (Novagen). Crude cell lysateslsevier B.V. All rights reserved.
Fig. 1. Expression of recombinant ProTa. (A) Primary sequence of mouse ProTa. The
residues removed in the ProTa(D3-13) construct are in bold, and the residues added
for the His-tag are in parentheses. (B) Final protein preparations used in this study
were electrophoresed on a 17% polyacrylamide gel and stained with InVision His-
tag (Invitrogen).
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puriﬁcation was performed with a 1 ml His-Trap nickel column (GE
Healthcare) per the manufacturer’s instructions. Puriﬁed prepara-
tions were run on 17% polyacrylamide gels. ProTa and ProTa(D3-
13) were stained with InVision His-tag (Invitrogen). Relative quan-
tiﬁcation of wild type and mutant proteins was determined with a
Bio-Rad Molecular Imager.
2.2. Cell culture, siRNA transfection and immunoﬂuorescence assays
Mouse BALB/c 3T3 ﬁbroblast cells and the MTH1cGFPneo cell
line [5] were propagated in DMEM-low glucose supplemented
with 10% heat inactivated bovine serum. For immunoﬂuorescence
assays, cells were plated on 4 cm2 Labtek II (Nalgene) chamber
slides at 10–15% conﬂuence. The siRNA duplex targeted to the
prothymosin accession number NM_008972 was designed by
Dharmacon (sense: GCGGGUAGCUGAGGAUGAUUU, antisense
AUCAUCCUCAGCUACCCGCUU). Transfection of annealed siRNA
(40 pmol/chamber) was performed with Lipofectamine 2000 re-
agent (Invitrogen) using the manufacturer’s modiﬁed protocol de-
signed speciﬁcally for siRNA transfection. At 48 h post-
transfection, cells were paraformaldehyde ﬁxed, washed with
PBS and then incubated with 2F11 anti-prothymosin (Alexis Bio-
chemicals) at a 1:300 dilution which was subsequently detected
by Alexa Red-conjugated goat anti-mouse secondary antibody.
Cells were counterstained with 1 ng/ml Hoechst 33258 in PBS
and wet mounted before imaging on a Nikon Eclipse E600 micro-
scope with a Photometrics Coolsnap FX CCD camera.
2.3. In vitro ﬂuorescence exchange assays
The in vitro exchange assays were performed according a previ-
ously published protocol [14] with minor modiﬁcations. Fibro-
blasts were plated at 75% conﬂuence on 12 mm coverslips in 24-
well cell culture plates 1 day prior to the experiment. The media
was aspirated and each well was rinsed twice with 0.5 ml of phys-
iological buffer with Ficoll (PBF) (100 mM CH3CO2K, 30 mM KCl,
10 mM Na2HPO4, 1 mM DTT, 1 mM MgCl2, 5% w/v Ficoll 400 and
1 mM ATP). Each well was then incubated with 0.5 ml of PBF-T
(PBF supplemented with 1% Triton X-100) for 10 min on ice. Each
well was then incubated at 30 C for 30 min in 300 ll of PBF sup-
plemented with the appropriate exogenous proteins. Wells were
then washed twice with 0.5 ml of PBF for ﬁve min each. Cells were
then incubated for ten min in Hoechst stain. After a ﬁnal ﬁve min
rinse in PBF, the coverslips were wet mounted and observed as de-
scribed above for epiﬂuorescence.
2.4. Fluorescence recovery after photobleaching (FRAP) assays
Fibroblasts were plated in LabTekII chambered cover slips (Nal-
gene) and cotransfected with 40 pmol of ProTa siRNA and 400 ng
of plasmid dsRED-C1 (Clontech) with Lipofectamine 2000 (Invitro-
gen) as per the manufacturer’s instructions. Cells were visually se-
lected by epiﬂuorescence for the presence of dsRED expression at
48 h post-transfection. FRAP assays were performed as previously
described [13]. For details see Supplementary data. All datasets
consisted of at least eight cells per experiment.Fig. 2. ProTa displaces H1-GFP from mouse ﬁbroblasts. 3T3 ﬁbroblasts expressing
low levels of endogenously synthesised H1-GFP were permeabilized and then
incubated for 30 min with PBF buffer (Mock Treated) or with PBF supplemented
with three units of recombinant ProTa or an equivalent amount of ProTa(D3-13).
Cells were then washed, stained with Hoechst and processed for epiﬂuorescence
microscopy.3. Results
3.1. Recombinant ProTa facilitates displacement of H1 from the native
chromatin template
The coding regions of wild type ProTa and a mutant construct
containing a deletion of the residues encoding amino acids threethrough thirteen (ProTa(D3-13)) were cloned in frame with a
6-histidine tag located at the C-terminus. The particular region
deleted was chosen because it removes approximately 10% of the
protein without substantially changing the overall charge
(Fig. 1A). Wild type and mutant proteins were puriﬁed from
E. coli by binding and elution from a nickel resin column. Because
ProTa binds Coomassie Blue poorly, visualization and relative
quantiﬁcation were carried out with a His-tag based ﬂuorescent
stain (Fig. 1B).
To determine if ProTa is capable of displacing H1 from a native
chromatin template, we adapted a previously described exchange
assay [14]. Mouse ﬁbroblasts stably expressing H1-GFP were
grown on glass coverslips and permeabilized in a physiological
buffer containing Triton X-100 under conditions that do not signif-
icantly disrupt the native chromatin conformation (Fig. 2A and
Supplementary Fig. S1). Incubation of permeabilized cells with
puriﬁed recombinant ProTa resulted in a signiﬁcant loss of endog-
enous ﬂuorescence, indicating that the H1-GFP protein was dis-
placed from the cellular chromatin and lost during the
subsequent wash step (Fig. 2B). We were not able to determine
the relative stoichiometry of added ProTa to endogenous H1-
GFP; however, the effect was dose-dependent as increasing
amounts of ProTa lead to greater loss of ﬂuorescence (Fig. S2).
For all displayed experiments, three arbitrary units of ProTa were
used. Remarkably, incubation with an equivalent amount of the
deletion mutant ProTa(D3-13) showed no loss of ﬂuorescence,
indicating that this construct is incapable of facilitating H1-GFP
displacement (Fig. 2C).
Fig. 4. ProTa depletion signiﬁcantly decreases H1c-GFP mobility in vivo. (A)
Analysis by immunoﬂuorescence of ProTa protein levels after siRNA treatment. (B)
FRAP analysis of H1c-GFP mobility. Average recovery curves from ten siRNA treated
cells and eight mock treated cells are shown.
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A second activity often associated with histone chaperones is
the ability to facilitate incorporation of histones into native chro-
matin, either during or outside of DNA replication (7, 8). We mod-
iﬁed the previous protocol to ask whether ProTa possesses this
attribute. Permeabilized wild type BALB/c 3T3 ﬁbroblasts (not
expressing H1-GFP) were incubated with exogenous H1-GFP alone,
or in combination with puriﬁed ProTa. Incubation with H1-GFP
alone resulted in dim, diffuse nuclear staining (Fig. 3A and B). How-
ever, incubation of H1-GFP and ProTa simultaneously led to bright
nuclear staining (Fig. 3C and D). Importantly, the staining pattern
was indistinguishable from that observed in cell lines expressing
endogenously synthesized H1-GFP, which is characterized by
enrichment in heterochromatin and exclusion from nucleoli
(Fig. 3E–G and Fig. S1). We considered the possibility that the
incorporation of exogenous H1-GFP into chromatin might be due
to ProTa-mediated displacement of endogenous H1 thereby mak-
ing previously occupied binding sites available for the exogenous
protein. To address this, we pre-incubated wild type ﬁbroblasts
with ProTa alone to facilitate endogenous H1 release using the
same conditions as in Fig. 2, washed the cells with buffer, and then
incubated with exogenous H1-GFP alone (Fig. 3H and I). Pre-incu-
bation of chromatin with ProTa did not facilitate subsequent H1-
GFP deposition, indicating that ProTa and H1-GFP must be present
simultaneously to facilitate incorporation into chromatin. Pre-
incubation of chromatin with ProTa followed by addition of ProTa
and H1-GFP gave results nearly identical to Fig. 3C and D (data not
shown). Simultaneous incubation of permeabilized cells withFig. 3. ProTa promotes loading of H1-GFP onto chromatin. Permeabilized BALB/c
3T3 ﬁbroblasts were incubated with H1-GFP alone (A and B) or with H1-GFP and
three units of ProTa simultaneously (C–G). Panels (E and F) are higher magniﬁca-
tions of the cell indicated by the arrow in panels (C and D); panel (G) is the merged
image. (H and I) Permeabilized cells were incubated with three units of ProTa for
30 min, washed and then incubated with H1-GFP. (J–N) Simultaneous treatment
with H1-GFP and three units of ProTa(D3-13). Panels L and M are higher
magniﬁcations of the cell indicated by the arrow in panels (J and K); panel (N) is
the merged image. The brightness of the image in panel M was deliberately
increased to show the lack of H1-GFP organisation into heterochromatin.H1-GFP and ProTa(D3-13) resulted in slightly more nuclear GFP
staining than that observed for H1-GFP alone (Fig. 3J and K). How-
ever, the staining was dim and diffuse and no evidence of hetero-
chromatin accumulation was observed (Fig. 3L and M).
3.3. Reduction of ProTa levels in vivo slows intranuclear linker histone
exchange
We next considered the possibility that in intact living cells,
ProTa might be a component of the mechanism that mediates
the exchange of linker histones between chromatin binding sites.
To test this, we introduced siRNAs speciﬁc for ProTa mRNA into
ﬁbroblasts expressing H1-GFP. We obtained an approximately
80% reduction of ProTa protein levels after 48 h of treatment
(Fig. 4A). We then measured the in vivo mobility of H1-GFP by
FRAP (Fig. 4B). The time to 50% recovery value (t50) for mock trea-
ted cells was 18 s, identical to that observed for untreated cells
(manuscript submitted). Depletion of ProTa levels resulted in a
signiﬁcantly longer t50 time of 30 s, indicating a slowing of the
H1-GFP exchange rate (Fig. 4B).
4. Discussion
Despite extensive study, the function of ProTa is still not com-
pletely clear. The body of evidence suggests that ProTa modulates
the interaction of linker histones with chromatin to promote chro-
matin-remodelling or decondensation and, in so doing, to promote
transcription [9–12,15,16]. ProTa has also been shown to be up-
regulated in proliferating cells and aggressive tumours [17,18], to
induce transformation in rat ﬁbroblasts [19], to retard differentia-
tion [20] and to act as an inhibitor of apoptosis [21]. Thus it seems
likely that it is an essential player in the replicative program as
well. Here, we have investigated the possibility that ProTa func-
tions as a linker histone chaperone, deﬁned as any factor which
associates directly with histones and facilitates their transfer with-
out remaining a part of the ﬁnal complex.
The results from the permeabilized cell assays indicate that Pro-
Ta can promote both the removal and deposition of H1 in the con-
text of a native chromatin structure. These observations are
2836 E.M. George, D.T. Brown / FEBS Letters 584 (2010) 2833–2836consistent with previous studies utilising predominantly in vitro
reconstituted chromatin templates [9,11]. The inability of the Pro-
Ta(D3-13) mutant to mediate either removal or deposition is an
important control as it demonstrates that these effects are not
mediated simply by charge displacement. Although ProTa has
been shown to inﬂuence nucleosome spacing during reconstitution
experiments [11], the results presented here suggest that this pro-
tein may be a necessary component for H1 deposition in vivo, con-
sistent with a role in cell proliferation.
The dynamic nature of linker histone binding has been an unre-
solved enigma since it was ﬁrst observed [5,6]. The regulation of
H1 binding is likely to have long ranging effects on all chromatin
associated processes; including transcription and replication [6].
Modulating linker histone dynamics is functionally important. In
undifferentiated stem cells, the majority of H1 is transiently bound
to chromatin, creating an open chromatin conformation, but as the
cells became lineage committed binding became more static [22].
Introduction of H1 artiﬁcially restricted in its mobility causes dis-
ruption of the differentiation pathway [22]. Similar observations
were made in an erythroid differentiation model, and it was also
demonstrated that changes in the dynamics of a small subset of
H1 molecules could have a dominant effect on the dynamics of
the remaining H1 pool [23]. Here, we show that depletion of ProTa
in intact cells results in a slower rate of exchange of H1-GFP be-
tween chromatin sites. We suggest that ProTa, possibly in the con-
text of a larger complex, acts as a linker histone chaperone to
promote the exchange of linker histones and possibly to facilitate
H1 deposition during replication. Such a role is consistent with
all of the proposed functions of this protein.
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